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ABSTRACT 
This paper presents an experimentally validated simulation model developed to obtain accurate prediction of 
evaporator microchannel heat exchanger performance and charge. Effects of using various correlations are 
presented and discussed with focus on serpentine microchannel evaporators. Experiments with propane are used to 
validate the model. The experimentally validated model is used to compare the charge reduction potential of various 
refrigerants. The procedure for charge reduction analysis described in the paper is the reduction of the internal 
(refrigerant) volume of the evaporator until an evaporator pressure drop is obtained that results in a 2% decrease in 
COP from the refrigeration cycle with no pressure drop.  
1. INTRODUCTION 
It is clear that charge reduction is beneficial for any refrigerant in any application. For HFC’s and HCFC’s with 
non-negligible GWP, charge reduction decreases the carbon footprint caused by direct refrigerant emissions. Charge 
reduction also makes economic sense when using more costly, synthetic low-GPW refrigerant alternatives. Even for 
natural refrigerants, charge reduction is desirable, especially for working fluids possessing unwanted characteristics 
(flammability, material incompatibility, toxicity) (Hoehne and Hrnjak, 2004). Significant charge reduction, 
specifically below 50 g of total charge in the refrigeration system, might open some doors for application of these 
hydrocarbon refrigerant systems in the USA. Very low charge NH3 (R717) systems may find use in chillers for 
application in populated areas (Hrnjak, 2005, 2010). More reliable and accurate prediction tools are needed that 
allow engineers to design low-charge systems and components without sacrificing capacity and energy efficiency. 
2. EVAPORATOR MODELING 
2.1 Model Description 
The evaporator model is based on the finite volume approach. The model was built for serpentine heat exchangers. 
For a serpentine design, the evaporator is divided into 60 elements along the length of the refrigerant tube for each 
tube pass. Inlet conditions of the fluids and geometric parameters of the heat exchanger are provided to the 
evaporator model. The effectiveness-NTU (ε-NTU) method and pertinent correlations are used to calculate the heat 
transfer, pressure drop, and refrigerant charge in each element. The outlet of each element is used as the inlet to the 
next element.  
 
The air velocity and air temperature profiles are assumed uniform for the evaporator model. Transition regions near 
saturation lines are incorporated to reduce singularities caused by correlations or data processing in the program. 
2292, Page 2 
 
International Refrigeration and Air Conditioning Conference at Purdue, July 16-19, 2012 
The evaporator model is implemented in Engineering Equation Solver (EES, 2011). The model shows in detail the 
progress of the refrigerant through each element of the heat exchanger. 
 
The air side heat transfer correlations examined in the heat exchanger model were by Sunden and Svantesson 
(1992), Chang and Wang (1997), Kim and Bullard (2002), Park and Jacobi (2009), and Li and Wang (2010). 
  
In refrigerant side single phase regions, Churhill’s (1977) friction factor correlation was used to calculate the 
friction factor for the pressure drop across the element while the Dittus-Bolter (1930) correlation was used to find 
the single phase refrigerant side heat transfer coefficient. For void fraction, in addition to the homogeneous 
assumption, correlations by Zivi (1964), Armand (1946), Butterworth (1974), Steiner (1993), Graham et. al. (1997), 
Graham et. al. (1999), Yashar et. al. (2001), Niño et. al. (2002), Jassim et. al. (2006), (2008), and Shedd (2010) 
were examined.  
 
In order to calculate the refrigerant mass in the heat exchanger, the void fraction was calculated in each element. 
The total mass is calculated using Equation 1 where  M is the refrigerant mass in the element in the two phase 
region, α is the void fraction, Acs is the refrigerant cross sectional area, Lelement is the length of the element, and ρvapor 
and ρliquid are the vapor and liquid densities in the element respectively. Fig. 1 shows the charge in each element as 
you move along the circuiting length for the serpentine evaporator (Traeger and Hrnjak, 2005). The masses 
calculated in each element are summed to obtain the total mass in the evaporator. The area under the curve shown in 
Fig. 1 represents the summation of these elements. The figure shows that the majority of the charge is found in the 
two-phase region (where area is the largest). This is the reason why there is an emphasis on accurate modeling of 
the two-phase region correlations (Hrnjak, 2002). 




cs element vapor liquidM A L           (1) 
Correlations by Chen (1966), Gungor and Winterton (1986), Liu and Garimella (2007), and Pamitran et. al. (2009) 
were considered for two-phase refrigerant heat transfer coefficient. For evaporation two phase pressure drop, 
correlations by Friedel (1979), Müller-Steinhagen and Heck (1986), Souza and Mattos Pimenta (1995), Mishima 
and Hibiki (1996), Zhang and Webb (2001), Niño et. al. (2002), Lee and Mudawar (2005), and English and 
Klandikar (2006) were examined. 
 
2.2 Model Validation 
Experimental data from the Air Conditioning and Refrigeration Center (ACRC) at the University of Illinois at 
Urbana-Champaign was used to validate the model; data from Traeger and Hrnjak (2005) for a 1 kW serpentine 
R290 (propane) evaporators was the primary model validation source, specifically for refrigerant charge. Two types 
of evaporators were used, one with single fin between tubes (Fig. 3) and one with two fin heights between tubes 
(Fig. 4). The face area is roughly the same for both evaporators. 
  
  For pressure drop in the two-phase region, it was found that correlations by Souza and Mattos Pimenta (1995), 
followed by Mudawar (2005), and then Friedel (1979) predicted the data well. All other pressure drop correlations 
deviated more than 33% from experimental results for both evaporators. By using Souza and Mattos Pimenta (1995) 
the pressure drop was predicted with ±33%, shown in Fig. 2. 
Figure 2: Souza and Mattos Pimmenta (1995) 
correlation predicts R290 evaporators ∆ P data 
within 33 %  
Figure 1: Charge distribution along serpentine 
evaporator with R290 from Traeger and Hrnjak 
(2005) shown in Fig. 3   
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For refrigerant heat transfer coefficient, Pamitran et. al. (2009), Chen (1966), and Gungor and Winterton (1986) 
compared favorably to experimental results. The Garimella (2007) correlation for heat transfer coefficient was not a 
good predictor of refrigerant heat transfer coefficient for the evaporators with errors of ±30 % for the single finned 
evaporator (Fig. 3) and ±40 % for the doubled finned evaporator (Fig. 4).  
 
For the evaporator with one fin height, the best agreement for air side heat transfer to experimental data was 
provided by Park and Jacobi (2009), followed by Kim and Bullard (2002), and then Chang and Wang (1997). All 
other correlations resulted in over-predicted superheat for the single fin evaporator. By using Pamitran et. al. (2009) 
for refrigerant heat transfer coefficient and Park and Jacobi (2009) for air side heat transfer coefficient,  
 
the capacity was predicted within ±15 % from experimental values for both evaporator designs shown in Fig. 5. 
 
Charge prediction was better for the single fin design with lowest error of -12 % and highest error of +9 % from 
experimental results. Charge prediction for both evaporator designs is shown in Fig. 6. Superheat and charge were 
not accurately predicted for the two fin evaporator in Fig. 4. The best results were attained using the described 
correlations for the single fin evaporator in Fig. 3. Therefore analysis to be presented will be calculated by using a 
single fin design evaporator.  
3. EXAMPLE: POTENTIAL FOR CHARGE REDUCTION 
3.1 Potential for Charge Reduction 
The model developed and validated above was used to evaluate the charge minimization potential of several 
refrigerants in the serpentine evaporator. The procedure is described below. 
 
3.2 The Conceptual Framework 
It is assumed that the fair comparison of the charge reduction potential of refrigerants requires maintaining the same 
geometry and capacity of the system while exposing the evaporator to the same conditions on the air side (air side 
Figure 5: Capacity of serpentine evaporators using 
Pamitran et. al. (2009) and Park and Jacobi (2009) 
Figure 6: Charge prediction of serpentine evaporators 
using Graham (1997) void fraction correlation 
Figure 3: Single fin serpentine design evaporator 
from Hrnjak and Traeger (2005) 
Figure 4: Double fin serpentine design 
evaporator from Hrnjak and Traeger (2005) 
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velocity, inlet temperature, etc.) when analyzing each working fluid (Hrnjak, 2009). Additionally, the effect of the 
evaporator on the rest of the refrigerant side of the system should be the same and is here defined as a 2 % 
difference between COP’s of the system with a real evaporator with pressure drop and ideal evaporator without 
pressure drop on the refrigerant side.  
 
When the same heat exchanger is redesigned for different refrigerants, internal volume is adjusted to the minimal 
value that creates a pressure drop which causes a 2% drop in COP.  Internal volume minimization is chosen to be 
representative of charge minimization even though some other effects like changes in mass flux may occur (Hrnjak, 
2010). For that reason, the heat exchanger design selected is a microchannel, serpentine (single pass) evaporator 
with a constant number of ports, shown in the Fig. 9. Furthermore, Hrnjak and Litch 2001 showed that the 
serpentine design had the least refrigerant charge while maintain similar capacity as single pass and two pass 
condensers of similar size with ammonia as the working fluid. The serpentine design is selected to avoid 
uncertainties in prediction of refrigerant charge in the headers. The authors believe that this design does not affect 




As stated earlier, for each refrigerant, heat exchanger air side geometry is identical; outer dimensions of the tube, 
length of the tube, and number of ports (channels) are constant and identical.  Modifications are made to the 
diameter of the ports that generate the same degradation of COP due to refrigerant side pressure drop compared to 
the case without pressure drop (ideal) while maintaining the same system cooling capacity. 
The other similar option is to vary the number of active ports as needed but keep the diameter of the ports constant 
without varying the outer dimensions of the flat tube. 
Figure 8: Air side and refrigerant side operating conditions for this example 
Figure 7: Comparison criteria for microchannel heat exchangers based on pressure drop that causes 2% change in 
COP 
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Fig. 7 shows the “ideal”, baseline cycle, in solid line and the “real”, actual cycle, with the dashed line. The pressure 
drop in real evaporator causes a 2% reduction in COP compared to the “ideal” cycle. The cooling capacity and the 
LMTD for the “ideal” and “real” cycle are the same. Isenthalpic expansion and isentropic compression are assumed 
in both cycles for all fluids. This assumption does not affect the generality of conclusions.  
 
The example shown below is for an operating condition with dry air, air inlet temperature into evaporator of 25 oC, 
and face velocity of 2.5 m/s.  
Table 1: Geometry inputs for this example 
 
Fins Tubes Overall 
Fin height [mm] 8 Number of MC tubes [-] 2 Width [mm] 115 
Fin depth [mm] 35 Tube thickness [mm] 2.3 Height [mm] 206 
Fin thickness [mm] 0.15 Tube depth [mm] 35 Depth [mm] 35 
Fins per inch [in-1] 15 Number of ports [-] 20 Circuits [-] 2 
Fin Pitch [mm] 1.693 Hydraulic diameter [mm] Varies Runs per Circuit [-] 10 
Louver height [mm] 7.2 Absolute roughness [mm] 0.0015 Air HT  area [m2] 0.9136 
Louver pitch [mm] 1.72         
Louver angle [o] 27         
 
The evaporation temperature is around 0 °C. The predicted results are provided for each fluid in Table 2. Cooling 
capacity of the evaporator is 1 kW and superheat at the exit is 5 oC above saturation. The condensing temperature is 
set to 25 oC. The outlet of the condenser is assumed saturated (quality of zero) and no pressure drop is assumed in 
the condenser. Cycle operating conditions are shown in Fig. 8, and geometric parameters are given in Table 1 and 
Fig. 9. 
 
3.3 Analysis Procedure 
Fig. 10 shows the logic flow diagram implemented in order to analyze the charge potential of the refrigerants. The 
below steps describe the iterative procedure shown in the figure. 
 
 
1. First for the given conditions and geometry, guess an evaporator inlet saturation temperature (Tesati), 
refrigerant mass flow rate (ṁr), and hydraulic diameter (Dh). These values are inserted into the ideal cycle to 
get out the pressure (Peri), temperature (Teri), and quality (xeri) into the real evaporator model. 
Figure 9: Baseline serpentine condenser design 
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2. The real evaporator model outputs capacity (Qevap), which is checked to see if it is 1 kW. If this condition is 
not met, then the saturation temperature is changed by some amount (∆1) and the process is repeated from step 
1 until cooling capacity is 1 kW. 
 
3. Once cooling capacity is 1 kW, a check is made to see if the superheat temperature (Tsup) of the evaporator is 5 
°C. If it does not, the mass flow rate is changed and the procedure is repeated from step 1 until superheat 
temperature is 5 °C and previous steps are satisfied.  
 
4. Once steps 2 and 3 are completed, the ideal cycle is run again using the logarithmic mean temperature 
difference of the real cycle (Tlmtdreal) as the logarithmic mean temperature difference of the ideal cycle 
(Tlmtdideal). The ideal cycle is set to have 5 °C superheat and 1 kW cooling capacity (the difference in COP 
comes from the differences in work in both cycles). The COPideal and COPreal are calculated for the cycles and 
compared so that the ratio of COPideal to COPreal is 1.02. 
 
5. If the ratio is not 1.02 then the hydraulic diameter is changed by some amount (∆3), and the procedure is 
repeated from step 1 until steps 2, 3 and 4 are satisfied. 
 
6. Once the ratio is 1.02, then the analysis for that refrigerant is completed. The process is repeated for each new 
refrigerant using the same heat exchanger. The results are shown in Table 2.  
  
Figure 10: Logic flow diagram used to obtain 2% COP decrease due to pressure drop 
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3.4 Results 
For each refrigerant, the pressure drop needed to reduce the COP by 2 % was calculated and is listed in Table 2. 
Table 2 also shows the amount of charge in the evaporator for each refrigerant. Fig. 9 is a schematic of this data 
with the needed hydraulic diameter to reduce the COP by 2%.  
Table 2: Refrigerant charges in evaluated evaporator based on pressure drop that causes 2% COP reduction 











∆P          














[g] [mm] [g/s] [kPa] [-] [°C] [kg/m3] [kg/m3] [kJ/kg] 
R134a 23.16 1.420 5.962 15.30 9.217 0.051 1295.0 13.7 197.8 
R1234yf 18.85 1.380 7.540 15.83 8.947 -0.018 1176.0 16.8 162.4 
R600a 16.44 1.810 3.310 8.13 9.336 -0.0253 580.3 4.1 352.8 
R410A 6.51 0.820 5.340 40.31 8.825 0.007 1176.0 29.2 222.6 
R717 5.38 1.000 0.864 26.06 9.361 0.357 638.2 3.3 1259.0 
R32 5.34 0.785 3.631 40.98 8.911 0.188 1055.0 21.1 314.7 
R290 4.24 1.010 3.164 22.30 9.044 -0.024 528.3 9.9 372.8 
R744 2.49 0.498 6.060 152.40 6.396 0.363 925.2 93.8 230.7 
 
 R744 shows the highest potential for charge reduction when using the 2% change in COP criterion for pressure 
drop. Highest potential means that for the same capacity, the same air side conditions and geometry, and the same 
2% COP reduction due to pressure drop, the amount of charge is the smallest with the least internal volume. This 
means that the refrigerant with highest charge reduction can provide the same performance as other fluids but with 
the least amount of charge.  
Carbon dioxide (R744) owes its high charge reduction potential to low pressure drop (due to dense vapor) and low 
sensitivity to pressure drop, as shown in Table 2, column 5, ∆P [2 % COP reduction]. This means that high pressure 
drop will not result in high temperature drop of the fluid (which affects the COP). This small change in temperature, 
due to high pressure drop, tells us that the COP is not affected significantly if the pressure drop is high. This is an 
Figure 11: Refrigerant charge (Mass) and hydraulic diameter of serpentine evaporator for 1kW refrigeration 
system causing 2% difference from ideal COP due to evaporator pressure drop 
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advantage for R744 since it means that it can perform well in microchannel heat exchangers. Once internal volume 
is defined, dense vapor at any void fraction will give higher refrigerant mass which is a disadvantage to R744.    
Even though hydraulic diameter is the largest for R600a (Isobutane), the highest charge is predicted for R134a and 
R1234yf due to their higher sensitivity to pressure drop and relatively high densities. Isobutane is not ranked as the 
highest because it has lower vapor and liquid densities than R1234yf and R134a. 
 
4. SUMARY AND CONCLUSIONS 
This paper presented an experimentally validated model of an air cooled microchannel evaporator, focused on 
refrigeration capacity, pressure drop, and charge reduction. The following correlations showed the best agreement 
with experimental results: 
 Air side heat transfer and pressure drop: Park and Jacobi (2009) 
 Refrigerant side heat transfer and pressure drop: Pamitran et. al. (2009) and Souza and Mattos Pimenta 
(1995) 
 Refrigerant charge inventory: Graham (1997)  
 
An example of utilizing the model for evaluation of refrigerant charge potential of various refrigerants is presented.  
The criterion for evaluation was reduction in internal volume until refrigerant side pressure drop caused 2% COP 
reduction over the zero pressure drop case. For each refrigerant evaluated, all conditions and dimensions on the air 
side of the heat exchanger were maintained identically; only the hydraulic diameter of the port (channel) was 
allowed to be changed.   
 
Results show that R744 has the highest potential for charge reduction, followed by R32. R744 requires mass flow 
rate similar to other refrigerants but its dense vapor reduces velocity and thus refrigerant side pressure drop, and 
assisted with low cycle sensitivity to pressure drop.  
NOMENCLATURE 
Acs  cross sectional area    (m2) 
α  void fraction    (-) 
COPideal  coefficient of performance ideal cycle    (-) 
COPreal  coefficient of performance modeled cycle    (-) 
Dh  hydraulic diameter     (m) 
Dh`  new hydraulic diameter     (m) 
∆1  small change in temperature     (°C) 
∆2  small change in port diameter     (m) 
∆3  small change in ref. mass flow rate     (m) 
h  enthalpy    (kJ/kg)  
Lelement  length of element section    (m)  
M  total charge     (g) 
ṁr  refrigerant mass flow rate     (kg/s) 
Peri  inlet refrigerant pressure    (kPa) 
Qevap  evaporation capacity     (kW) 
ρliquid  density of liquid     (kg/m3) 
ρvapor  density of vapor     (kg/m3) 
 Tesati  condensation saturation temperature     (°C) 
Tesati`  new condensation saturation temperature     (°C) 
Teri  inlet refrigerant temperature     (°C) 
Tlmtdideal  logarithmic mean temperature difference of the ideal cycle (°C) 
Tlmtdreal  logarithmic mean temperature difference of the real cycle (°C) 
LMTD logarithmic mean temperature difference    (°C) 
Tsup  superheat temperature     (°C) 
xeri  quality at outlet of condenser    (-) 
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